In human T-lymphotropic virus type 1 (HTLV-1) infection, a high frequency of HTLV-1-specific CTLs can co-exist stably with a high proviral load and the proviral load is strongly correlated with the risk of HTLV-1-associated inflammatory diseases. These observations led to the hypothesis that HTLV-1 specific CTLs are ineffective in controlling HTLV-1 replication but contribute to the pathogenesis of the inflammatory diseases. But evidence from host and viral immunogenetics and gene expression microarrays suggests that a strong CTL response is associated with a low proviral load and a low risk of HAM/TSP. Here, we quantified the frequency, lytic activity and functional avidity of HTLV-1-specific CD8 + cells in fresh, 
Introduction
The retrovirus human T-lymphotropic virus type 1 (HTLV- Furthermore, the frequency of specific CTLs may be positively correlated with the proviral load of HTLV-1 (4), and can be particularly high in patients with HAM/TSP (5). These observations gave rise to the suggestion that HTLV-1-specific CTLs not only fail to eradicate the virus but may in fact cause the inflammatory tissue damage seen in HAM/TSP (6) .
However, there is also evidence from a number of experimental approaches that the CTL response to HTLV-1 is a major determinant of the control of the proviral load and is thus important in the protection against HTLV-1-associated diseases such as HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). An immunogenetic study showed a strong association between a lower risk of developing HAM/TSP and a particular MHC class I genotype in a group of HTLV-1 patients in Japan (3) . Using DNA expression microarrays it was found that genes that encode cytotoxicity effector proteins are expressed at a higher level in CD8 + cells of patients with low proviral load than in those with high proviral load (7) .
Finally, Tax protein, the immunodominant antigen recognized by HTLV-1-specific CTLs (8) (9) (10) is subject to positive selection in vivo (11) (12) (13); the only plausible selection force that has been suggested is immune selection exerted by the strong HTLV-1-specific CTL response.
We have hypothesized that the steady-state magnitude of the HTLV-1 proviral load, which is strongly correlated with the risk of HAM/TSP (1), is determined by the balance between the survival and proliferation of infected cells and clearance of productively infected cells by the abundant virus-specific CTLs (14) (15) . Further, we propose that a critical factor that determines the outcome of HTLV-1 infection is the 'efficiency' of the HTLV-1-specific CTL response (14, 15) .
We have therefore investigated methods of quantifying antiviral CTL 'efficiency'. In HTLV-1 infection, both effector CTLs and infected target cells are often present in fresh blood at frequencies sufficiently high to obviate the need for enrichment of specific subpopulations.
We have exploited this feature to develop an assay of CD8 + cell-mediated suppression of HTLV-1 expression in fresh PBMCs (16) . As a marker of proviral expression we use the viral protein Tax, a regulatory protein expressed early in the life cycle of HTLV-1 (16 parameter that is a function of both the frequency of the antigen-specific CD8 + cells and the "quality" of their effector functions at the single-cell level (18) . In an acute viral infection, efficient elimination of the virus is associated with a high frequency of antigen-specific T cells (19) . But in persistent infections, the complexity of the equilibrium dynamics makes it impossible to infer the efficiency of virus-specific CTLs directly from their steady-state frequency (20) .
In the present study, we used the sensitivity of viral peptide recognition in an IFN-γ ELISpot assay as a measure of the 'quality' of the HTLV-1-specific CD8 + response. This measure is often called the 'functional avidity' of the T cell; for brevity, we refer to it here as 'avidity'(21) (22) . The aim of the present study was to test the hypothesis that specific CD8 + T cell avidity determines the lytic efficiency of HTLV-1-specific CTLs and thereby determines the individual's proviral load.
Materials and Methods

PBMC separation
Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by density gradient centrifugation using Histopaque-1077 (Sigma, Poole, United Kingdom) from EDTAanticoagulated blood samples taken from HTLV-1 infected individuals. All individuals attended the HTLV-1 clinic at St Mary's Hospital, London and gave written informed consent, and the study was approved by the St Mary's NHS Trust Local Research Ethics Committee.
Isolated PBMCs were washed twice in PBS then cryopreserved in fetal calf serum (FCS, Sigma) with 10% dimethyl sulfoxide (DMSO, Sigma).
Cell culture
Cells were thawed, washed twice in PBS and then cultured in complete medium consisting of RPMI-1640 medium (Sigma) supplemented with 10% FCS, 2 mM L-Glutamine, 100 U/ml
Penicillin and 100μg/ml Streptomycin (Gibco). Cells were incubated for different times at 
ELISpot assay
To stimulate IFN-γ 
Flow cytometric detection of Tax expression
After incubation, cells were surface-stained with monoclonal antibodies specific to CD4 and CD8 at 15 μg/mL in each case (Beckman Coulter, Marseille, France). Cells were fixed with 2% paraformaldehyde (PFA, Sigma) and then permeabilized using PBS/0.1% Triton X-100 (Sigma). Finally, cells were stained intracellularly with the FITC conjugated antibody anti-Tax protein Lt-4 (41), diluted 1/100. Cells were analyzed on a Coulter Epics XL flow cytometer.
Thirty thousand events were routinely collected during acquisition of the data. The data were analysed using Coulter Expo32 software (Beckman Coulter).
Proviral load
DNA was extracted from 2 x 10 6
PBMCs as described in the manufacturer's protocol (Qiagen, DNeasy Tissue Kit) and eluted in 100 μl polymerase chain reaction-(PCR-) grade H 2 O. Eluted DNA was amplified for HTLV-1 DNA using the Tax sequence-specific primers previously reported (42) and for β-actin (to quantify genomic DNA). DNA was amplified by real time quantitative PCR (qPCR) in a Roche light cycler using SYBR® Green 1 Dye incorporation (Roche) and 1 μM of each primer. Standard curves were generated using the rat cell line Tarl2, which contains 1 copy per cell of the HTLV-1 provirus (1). The sample copy number was estimated by interpolation from the standard curve and expressed as percentage of PBMCs infected, assuming one proviral copy per cell.
Statistical analysis
Spearman's rank-order test was used to test for correlation between 2 parameters across all The following pair of linked ordinary differential equations describes the model:
Here, y is the proportion of Tax We then wished to quantify the respective contributions of the avidity and the frequency of Tax-specific CTLs to the CD8 + lytic efficiency. We performed multiple linear regression, with the rate of lysis parameter as the dependent variable and frequency and avidity as the predictors. This analysis showed that CD8 + T-cell avidity remained a significant predictor of lytic efficiency even after the specific CD8 + T-cell frequency was taken into account (p=0.0005), whereas frequency lost significance (p=0.85). To test the robustness of this result, we repeated the analysis using transformed data, taking logarithms of the data and taking ranks of the data. In each case, the conclusion remained the same; avidity remained a significant predictor of lytic efficiency, while frequency lost significance. We conclude that avidity is a significant independent predictor of the quality of the CTL response.
There was a significant inverse correlation ( Figure 4 
Discussion
In the present study we quantified the contributions of CD8 + T-cell quality and frequency to the efficiency of the specific CTL response in natural HTLV-1 infection in humans. As a measure of CTL quality, we quantified the concentration of viral peptides required to elicit a half-maximal response in a CD8 
